In this paper, we report on an efficient and eco-friendly approach to fabricate AAOs in oxalic acid electrolyte, which exhibits a relatively wide range of electrolyte temperatures for stable anodization. Our strategy consists of simultaneous multi-surfaces anodization (SMSA) for fabricating plural AAOs and direct detachment of those AAOs from an aluminum (Al) substrate by applying stair-like reverse biases (SRBs) in the same electrolyte used for the SMSAs. A unit sequence including SMSA sequentially combined with SRBs-based detachment can be applied repeatedly to the same Al substrate for mass production of AAOs. Dimensional characteristics of AAOs were quantitatively controlled with respect to the electrolyte temperature as well as the number of applied sequences, and SRBs-based direct detaching characteristics depending on the AAO thickness were investigated as a function of the number of stairs in SRBs. The AAOs fabricated here were used as nanoporous templates for synthesizing pconjugated polymer nanomaterials with various diameters, and their structural and optical characteristics were studied with respect to their physical dimensions. We also fabricated capacitive humidity sensors designed on interdigitated electrode structures with nanoporous AAOs, and discussed their superior device performances.
Introduction
Anodization is a tradition-long technique, which has been utilized for a metal surface treatment enabling an anti-corrosive protection against atmospheric environments as well as an adhesive reinforcement of paint primers. [1] [2] [3] [4] Aer the report on the two-step anodization resulting in a distinct improvement of the structural periodicities over the extended spatial regime, 5, 6 anodic aluminum oxides (AAOs) have been widely adopted in diverse research elds, such as representative nanoporous templates for one-dimensional (1-dim.) nanostructures, [7] [8] [9] [10] [11] [12] [13] membrane lters, [14] [15] [16] [17] evaporation/etching masks, 18-21 humidity sensors, [22] [23] [24] [25] [26] [27] [28] energy storage devices, [29] [30] [31] [32] and bio-applications, [33] [34] [35] [36] etc. These applications excluding surface treatments require AAOs with freestanding forms, i.e., separation from aluminum (Al) substrate, thus various strategies have been developed in the viewpoints of not only AAO fabricating (anodizing) but also AAO separating procedure.
For AAO fabrication, mild anodization (MA) techniques were well-established under three major acidic (sulfuric, oxalic, and phosphoric) electrolytes. 4, 5, [37] [38] [39] However, relatively lower intensities of the anodic voltages resulted in low yield of AAO fabrication due to the slow growth rates, which would get worse under the two-step anodizing conditions. In order to overcome these limitations of MAs, hard anodization (HA) techniques have been developed, in which AAOs were produced by using relatively higher anodic voltages in sulfuric/oxalic acid electrolytes or under more concentrated phosphoric acid electrolytes. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] AAOs fabricated in HA conditions exhibit clear enhancements of nanopores' periodicities as well as growth rates, however, the initial nanopore diameter (D P0 ) and interpore distance (D int ) of the AAOs through the HA are larger than those from the MA, which could restrict their potential applicability. In addition, high current densities originated from the HA conditions intensify the exothermic characteristics of anodization, so expensive cooling systems 41 or additional cooling reagents in acidic electrolyte should be needed for compensating the heating and/or burning problems.
HA. Kashi et al. reported on an accelerated MA method, which exhibited about ten times faster AAO growth rate than conventional MA by selectively increasing temperature at backside of Al substrate. 51 Cheng and Ngan demonstrated that anodization under higher acid concentration and temperature than standard MA conditions could improve growth rate of AAO and arrangement of the hexagonal unit cells. 52 Xu and co-workers reported that there existed on the optimal amount of ethanol addition into the acidic electrolyte, which was typically used as a coolant for HA, [46] [47] [48] [49] for increasing AAO growth rate under MA condition. 53 For separating an AAO from the Al substrate, toxic chemicals containing heavy metal ions, such as mercury chloride 5, 6, 19, 21, 37, [54] [55] [56] [57] or copper chloride (CuCl 2 ) 42, 48, 58, 59 are commonly used for dissolving the remaining part of the Al substrate, which is another timeconsuming part in the conventional AAO fabricating methods. The chemical etching and AAO separation time could be reduced a little by adding hydrochloric acid into CuCl 2 aqueous solution, 10, 30, [43] [44] [45] however, these chemical etching-based AAO separation methods show critical disadvantages in terms of environmentally hazardous residues and dissipating valuable resources. Therefore, many efforts have been made for direct detachment of an AAO from the Al substrate, which can guarantee a reusability of the remaining Al substrate, by reversing polarity of the anodic voltage, 14, 60 or applying a pulse-type anodic voltage. 29, 58, 59, 61, 62 The former strategy took too much time (e.g., 12-24 h), 60 and details of the detaching mechanism were not fully understood. Recently, Choudhary and Szalai reported on thickness-dependent behavior of a cathodic delamination of an AAO in nitric acid electrolyte and accumulation of the texturing effects. 63 The latter ones should require butanedione and/or perchloric acid-based detaching electrolytes, which are also hazardous and highly reactive, although the denite reduction of the AAO separating time and recent report on the proposed detaching mechanism.
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Furthermore, changing electrolyte between anodizing and detaching would require an additional cleaning procedure, which might induce a complicated process within whole procedure.
Yanagishita and Masuda upgraded their previous two-step anodization technique, which composed of normal (upper) and sacricial (lower) AAO layers with different solubility. 65 A sacricial AAO, fabricated under much higher acid concentration (12 M), was dissolved more easily in appropriate etchants for separating normal AAO with through-hole structure, which was attributed that more anions would inltrate into alumina (Al 2 O 3 ) region due to the high acid concentration 4,66 enhancing the solubility of the more contaminated sacricial AAO. However, besides a possibility for pore-widening effect on the upper AAO during dissolution of the sacricial layer, further investigation might be needed for an upper AAO fabricated under the HA conditions, which also contains abundant anions due to the high current densities.
40,44
It should be noted that all the above-listed research results have been applied onto a "mono-surface" of the Al substrate, which signicantly limit the yield of AAO fabrication. From these points of view, Hong and Joo et al. reported on a novel concept for high yield and environmental friendly fabrication of AAOs in a sulfuric acid electrolyte under the MA condition.
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This technique consists of simultaneous multi-surfaces anodization (SMSA) for producing plural AAOs at one time and direct detachment of those AAOs from an Al substrate by applying stair-like reverse biases (SRBs) in the same acidic electrolyte used for SMSA. One of the most fascinating advantages of this simple strategy is that plural as well as almost identical AAOs can be repeatedly fabricated from "multi-surfaces" on a same Al substrate as long as it remains without the toxic/reactive chemicals and sophisticated procedures.
Considering the history and trend in the anodization-related research elds, it would be highly demanded to extend the SMSA and SRBs-based techniques in the other acidic electrolyte, which also guarantees the resultant AAOs with distinct mechanical as well as dimensional properties for various applications. In this regard, we chose oxalic acid, which has relatively wide range of the electrolyte temperatures for stable anodizations comparing with sulfuric acid, and lower anodic voltage than that of phosphoric acid. In this paper, we present a facile and ecofriendly strategy for mass-fabrication of the AAOs and their various applications, as shown in Fig. 1 . SMSAs and SRBs-based detachment were successfully realized in an oxalic acid electrolyte under the MA condition. A unit sequence including two-step SMSAs sequentially combined with SRBs-based detachment was repeated up to six times on multi-surfaces of a same Al substrate. Dimensional characteristics of AAOs were quantitatively investigated as functions of the electrolyte temperatures as well as applied sequences, and SRBs-based direct detaching characteristics depending on the AAO thickness were investigated as a function of the number of stairs in SRBs. The AAOs fabricated here were used as nanoporous templates for synthesizing pconjugated polymer nanomaterials with various diameters. The structural and optical characteristics of the nanomaterials were also studied with respect to their physical dimensions. We fabricated capacitive humidity sensors by using nanoporous AAOs and interdigitated electrodes, and their device performances were analyzed. Fig. 1a shows a ow chart describing our plural AAOs fabricating procedures. The multi-surfaces of a single Al substrate having rectangular parallelepiped structure were simultaneously electropolished in order to minimize the surface roughness. Next, the electropolished multi-surfaces were simultaneously pre-anodized in an oxalic acid aqueous solution under the standard MA condition (hereaer referred as Pre-SMSA). For aer eliminating the Pre-AAOs, the periodically textured multi-surfaces were simultaneously main-anodized (Main-SMSA) under the same conditions of the Pre-SMSA. For investigating the electrolyte temperature and applied sequence dependent behavior, the Pre-and Main-SMSAs were performed in 8 h and 10 h, respectively. In order to investigate the thickness dependent detaching characteristics, the applied times of Pre-SMSAs were xed at 6 h, and those of the MainSMSAs were varied from 1 h to 15 h. For the simultaneous detachment of the plural AAOs from the Al substrate, SRBs were applied to the Al substrate in the same oxalic acid electrolyte used for the two-step SMSAs. Stair in SRBs was controlled from À19 V to À24 V via RS-232C interfaced PC program without time intervals. The applied time of each stair was xed at 10 min for À19 V, À20 V, À21 V, À22 V, and À23 V, respectively, and the nal stair of À24 V was maintained until the detaching procedure completed. Aer the detachment of the plural AAOs, the alumina residues were chemically dissolved away, and then, the remaining Al substrate was re-used for the next AAOs fabrication (see the ESI † for more details).
Experimental: schematic definition of fabrication and applications of nanoporous AAOs

Massive and eco-friendly fabrication of AAOs
Blue-dashed box in Fig. 1a denes a unit sequence for fabricating one set of AAOs, which consists of (i) n th Pre-SMSA, (ii) n th Pre-AAOs Etching, (iii) n th Main-SMSA, (iv) n th SRBs-Detachment, and (v) n th Residual Alumina Etching, where n denotes the number of the applied sequence (n ¼ 1, 2, 3, .). Repetitive applications of the unit sequences to a single Al substrate is illustrated schematically in Fig. 1b , which would imply a necessity of new denition appropriate for yield of simultaneous and plural AAOs fabrication under our multi-surfaces environments. Unlike the conventional mono-surface anodization, we dene yield of AAO fabrication as number of AAOs per single sequence. Because individual procedure in the unit sequence is conducted at every surfaces of the Al substrate immersed in acidic electrolyte, we distinguish each surface and corresponding AAO from that surface with respect to the counter electrode; for example, we designate "Front" as a surface confronting the platinum (Pt) counter electrode, and so on. The oxalic acid electrolyte was kept using during one whole sequence, and then changed to fresh one for quantitative comparisons. (1): nanoporous templates for synthesizing nanomaterials be opened into through-hole structure. For controlling the nanopore diameter (D P ) more precisely, which directly inu-ences on those of nanomaterials, we separated barrierremoving procedure from pore-widening one. Fig. 1d shows a schematic diagram of template-synthesis method for 1-dim. nanomaterials. 68 p-Conjugated polymer nanomaterials, e.g., light-emitting poly(3-methylthiophene) (P3MT) and conducting polypyrrole (PPy) nanowires (NWs), were fabricated through the electrochemical polymerization method based on the nanoporous AAOs with various D P (see the ESI † for more details).
Application of AAOs
68,69
2.3 Application of AAOs (2): sensing and frame materials for humidity sensor
Highly accurate and reliable detection of gaseous stimuli including humidity/moisture in different environments becomes more and more important for comfortable and safe human life as well as precise controls of the various technological processes. 70, 71 Considering relatively large surface area of the AAO originated from its porous structure (Fig. 1c) , which would be signicantly benecial for various sensing applications, 4,70,72 we fabricated a capacitive humidity sensor by using our nanoporous AAO with barrier oxide layer as a sensing and frame material, as shown in Fig. 1e . In capacitive type of humidity detection using nanoporous AAO, it is one of key issues to improve linear responsivity and sensitivity of the devices under low relative humidity (RH) region.
28,70 Initial chemisorption followed by physisorptions of water molecules on the inner surfaces of nanopores induces not only low capacitance but also non-linearity at low RH condition.
22,28
Humidity sensing characteristics of the devices based on asprepared AAOs and pore-widened ones exhibited only quasilinear response in semi-logarithmic scale of the capacitances, [22] [23] [24] [25] [26] [27] which might hinder a humidity measurement with a high degree of accuracy. In this paper, we suggest a very simple and effective solution for increasing the humidity sensing capability, in which the barrier oxide layer plays an important role.
Results and discussion
3.1 Repetitive applications of two-step SMSAs and SRBsDetachment in oxalic acid electrolyte Fig. 2a and b show the current-time (I-t) characteristic behaviors in the two-step SMSAs from 1 st to 6 th sequence, applied on a same Al substrate with respect to the various electrolyte temperatures. All the I-t characteristic curves of the Pre-SMSAs exhibit more complicated variations comparing with those of the Main-SMSAs, because formations of nanopores initiated at irregularly distributed concaves on the non-textured (i.e., electropolished) Al surfaces, which would merge to a stable formation of regular nanopores array resulting in the texturing effects. 3, 4, 38 As shown in Fig. 2a , distinct enhancements of the current levels in the whole I-t characteristic curves of the twostep SMSAs in each sequence were observed with increasing the electrolyte temperature. The current in anodization originates from electron transfer due to the exothermic oxidation/ alumina dissolution at Al/Al 2 O 3 and Al 2 O 3 /electrolyte interfaces as well as transport of the corresponding ions (e.g., Al 3+ ,
, and OH À ) through the alumina and electrolyte. 3, 4, 38, 54 So, low temperature of the acidic electrolyte would suppress the chemical reactions and ion transport inducing low current level, which directly inuence on growth rate and dimensional characteristics of the AAOs (this will be discussed more details in later).
Owing to viscous ow 4,73 and volume expansion 4, 38, 39, 54, 55 during the simultaneous growths of plural AAOs, boundaries between barrier oxides in the adjacent (perpendicular) AAOs were formed along the multi-edges, and diagonally extended inside the Al substrate. As the SMSA proceeded, total anodizing area is gradually reduced and mechanical stresses due to the volume expansions keep storing at multi-interfaces between the AAOs and Al substrate. In addition, earlier formed boundaries evolved into voids. 67 As observed in Fig. 2a and b, gradual decrease of the current with respect to the anodizing time would be suggested as a peculiar feature of the SMSA procedure (see also Fig. S1a and b †) , which could be attributed to the reduction of the total anodizing area as well as suppression of the ion transport by the stored stresses. In addition, degree of the current reduction depended on the electrolyte temperature, because of the slower AAO growth rate in lower temperature of the electrolyte, which generates less volume expansion and mechanical stresses. It should be noted that any clear peak, related to an equilibrium state of the boundaries formation in sulfuric acid electrolyte, 67 was not found in the I-t characteristic curves of the Main-SMSAs in Fig. 2a and b . This result can be explained that AAOs fabricated in oxalic acid electrolyte exhibit more elastic nature than those from sulfuric acid, 4,41 which might absorb the mechanical stresses. Fig. 2c presents the I-t characteristic behaviors in the SRBsdetachments of the AAOs from 1 st to 6 th sequence and a representative voltage-time (V-t) prole of the SBRs used in 1 st detaching procedure. Current was not detectable at the early stage of the detachment (blue boxes in Fig. 2c ) due to the lower limit of resolution in our system ($0.1 mA) indicating that the every immersed surfaces of the Al substrate were fully covered with insulating AAOs, and the narrow voids along the boundaries did not reach the Al edges. Aer appearing the current at the end of the beginning RB of À21 V (or in the middle of the next RB of À22 V for 3 rd and 5 th detachments), it was gradually increased with increasing the RB stair-likely. Coincidentally, bubbles were created along the multi-edges only (not from middle of surfaces), which were intensied with respect to the current increment. Then, gradual detachments of plural AAOs occurred in the nal RB of À24 V, as depicted by red-dashed circle in Fig. 2c . The I-t characteristics of the SRBsdetachments in oxalic acid electrolyte exhibited quite different behaviors comparing with those in sulfuric acid electrolyte, for example, abrupt enhancements of current indicating instantaneous detachments of the AAOs 67 was not observed in Fig. 2c . These results including gradual detachments of the AAOs would be ascribed to an elastic nature of the AAOs fabricated in oxalic acid electrolyte, which might counteract a SRBs detaching mechanism correlated with stress-release due to the dissolution of the boundaries. 67 However, permeation of the acidic electrolyte as well as extension of the bubbling effects into the inner areas along the multi-interfaces between each AAO and corresponding Al surface were also observed, analogous to the SRBs-detachment in the sulfuric acid electrolyte. For comparison, we applied a constant RB of À24 V or larger absolute intensity to the AAO fabricated in the same condition of 4 th sequence, which detached some parts of the AAO with irregular shapes, which was not even reproducible. In addition, remaining part as well as the other AAOs were not detached even increasing the applied time more than 1 h, because the constant RB interacted violently with the AAO-peeled Al surface rather than boundaries in the acidic electrolyte, which might affect the Al surfaces adversely in the aged acidic electrolyte with abundant Al 3+ ions. When a constant RB of À21 V was applied, the current did not increase even holding it more than 2 h, and detachment of the AAO did not occur. Fig. 2d shows a photograph of the as-detached AAOs and remaining Al substrate, which was taken right aer SRBsdetachment. By careful spreading the AAOs with an aid of tweezer, it was observed that the upper part of the detached AAO still connected to the remaining Al substrate as depicted by reddashed ellipse in Fig. 2d , because about three quarters of the Al substrate was immersed in the oxalic acid electrolyte during the SMSAs and SRBs detachment. The undetached part was mechanically broken for complete separation of the AAO. SRBs could optimally accelerate the dissolution of boundaries formed by SMSAs, which would be a key factor for the simultaneous detachments of the plural AAOs as continuous single pieces with identical length and width of the corresponding Al surfaces. It should be noted that the Pre-AAOs were also detached well through the SRBs (see the Fig. S2 †) , which can be utilized depending on the applications, such as effective ltra-tions for ultra-ne dust or water-oil separation, etc. an aperture (i.e., perforated area) was found in the AAO detached from the front surface under the 1 st sequence at 0 C (hereaer referred as 1 st -Front-AAO) and 1 st -Back-AAO, respectively. In addition, a crack was also identied in the 2 nd -Front-AAO. These defects might be originated from the relatively thinner thicknesses of the AAOs due to the lower electrolyte temperatures indicating that SRBs detaching condition should be further optimized for thinner AAOs, which will be investigated more details in Section 3.2. The hue and saturation of the AAO colors grew richer from almost transparent (0 C) to vivid yellowish (15 C) tones with respect to the electrolyte temperatures, which was also attributed to the anion-inltrated anodization mechanism. 4,66 Periodic arrangements of the nanopores were well identied in all the scanning electron microscope (SEM) images implying that our SMSAs and SRBs-detachments functioned independent of not only the surface location but also applied sequence. As increasing the electrolyte temperatures from 0 C (1 st ) to 15 C (4 th ), the D P0 of the AAOs was also increased, whereas the D P0 of the AAOs fabricated under the xed electrolyte temperature of 15 C (4 th -6 th ) remained almost same. These results were well agreed with Fig. 2a and b , because the D P0 was strongly correlated with the temperature-dependent and electric eld-assisted local dissolution of alumina, 3,4,54 which would be one of the main components in anodizing current. However, the D int of all the AAOs did not much changed regardless of the electrolyte temperatures. The insets of the SEM images in Fig. 3 showed the barrier oxide layers having a honeycomb structure composed of hexagonal unit cells with almost constant area, which also supported the invariant D int . In addition, this result pointed out that a cleavage plane through the SRBs-detachment in the oxalic acid electrolyte was also beneath the barrier oxide, just as in the sulfuric acid electrolyte. 67 The remaining Al substrate, experienced total six sequences of the AAO fabrication, still had a thickness of $125 mm.
Quantitative investigations of the characteristic dimensions, such as D P0 , D int , and thicknesses, are compared in Fig. 4 with respect to the electrolyte temperatures and applied sequences. The averaged D P0 of the 1 st -Front-AAO was measured 24.5 AE 2.08 nm. As shown in Fig. 4a, Fig. 4a , differences of the D P0 and D int seemed to be negligible between Front-and Back-AAOs. Fig. 4b describes the variations of the averaged thicknesses of both Front-and Back-AAOs as a function of the electrolyte temperature, which show very analogous behaviors to those of D P0 . All the results matched well the I-t characteristics in Fig. 2 and SEM images in Fig. 3 . It should be noted that all the thicknesses of Back-AAOs were placed below those of Front-AAOs. As shown in the inset of Fig. 4b , equipotential lines near the front surface of the Al substrate were distributed more densely, whereas those near the back surface were spread sparsely. Therefore, the strength of the electric eld would be different at each surface, which could be the reason for relatively thinner thicknesses of Back-AAOs. The numeric values of the characteristic dimensions in the as-prepared the AAOs are well agreed with those in previous reports on the conventional mono-surface MAs in oxalic acid electrolyte (see the Table S1 †).
6,38,39,55,57,60,65
AAO thickness dependent SRBs detaching behaviors
As observed in Fig. 3 , SRBs consisting of 4 stairs (À21 V, À22 V, À23 V, and À24 V) exhibited a limited capability of detaching thin AAO, especially thinner than $50 mm, which resulted in perforated area and/or crack sometimes. Therefore, we further optimized the SRBs detaching conditions about various thicknesses of the AAOs. Fig. 5a shows the I-t characteristic curves of the Main-SMSAs with different anodizing times from 1 h to 15 h at xed electrolyte temperature of 15 C, which were repeatedly applied up to 7 sequences on a same Al substrate. Beside the gradual decrease of the current with respect to the anodizing time in the individual I-t characteristic curve, which was very analogous to Fig. 2a and b , the entire I-t characteristic curves were also decreased with increasing the number of the applied sequences ascribed to the reduction of the total anodizing area. Fig. 5b to h present V-t proles (right axes) of SRBs used for Fig. 5a and corresponding I-t characteristic curves (le axes) during the SRBs-detachments. For thicker AAOs fabricated under the Main-SMSAs of 15 h and 12 h, the number of stairs in SRBs could be reduced to 2 (Fig. 5b) and 3 (Fig. 5c) , respectively, and defect-free AAOs were well detached. Fig. 5d and e prove that SRBs with 4 stairs would be an optimal detaching condition for the AAO with a thickness more than $60 mm. However, when the same SRBs with 4 stairs were applied to sample from the Main-SMSA of 4 h, perforating and/or cracking happened in Front-and Back-AAO, respectively, as shown in the inset of Fig. 5f . These defects generation might be correlated with the AAO thickness and detaching speed. Considering the above results, SRBs detaching condition was modied for sample from the Main-SMSA of 2 h by adding a stair of À20 V at the beginning stage of detaching procedure (Fig. 5g) , which could slow down the detaching speed. The photograph in the inset of Fig. 5g exhibits that defect-free (i.e., continuous single pieces) AAOs were successfully obtained with equal dimensions of the front and back surfaces, respectively. Fig. 5h demonstrates further extension of our detaching strategy for thinnest AAOs from the Main-SMSA of 1 h, which was accomplished through the SRBs with total 6 stairs from À19 V to À24 V. In addition, it shows highly transparent nature, and printed texts were clearly identied through the AAO as shown in the inset of Fig. 5h . The results indicate that lower intensity of stair in SRBs could induce more homogenous and stable dissolution of the boundaries, which plays a crucial role in the SRBs-detachment of thinner AAO.
In Fig. 5i , linear variation of the AAO thicknesses is observed with respect to the anodizing times, and differences between Front-and Back-AAOs were also conrmed just as in Fig. 4b (see the Table S2 †). The inset photograph in Fig. 5i veries that exible nature appears in AAOs with relatively thinner thicknesses (black-dashed circle).
p-Conjugated polymer nanowires with various diameters
In order to control the D P in wider range, we chose the AAOs with smallest D P0 fabricated at 0 C as a starting material for the pore-widening procedure. Fig. 6a shows the SEM images of the AAOs aer pore-widening treatment with different times. With increasing the pore-widening time from 5 to 55 min, averaged D P of the AAO was also enlarged from 27.6 AE 1.48 nm to 72.9 AE 2.27 nm, as shown in Fig. 6 (see also synthesizing the nanomaterials, which were indicated by red arrows in Fig. 6b .
The SEM images of the electrochemically synthesized, conducting PPy NWs with various diameters were presented in Fig. 6c-f , respectively. Open-end structures (i.e., tubular-like shape) identied in the Fig. 6e and inset of Fig. 6f were a typical feature observed in the PPy NWs, 74 and transmission electron microscope (TEM) image shown in the inset of Fig. 6e proved the formation of NW with completely lled inside. The averaged diameters (f) of the PPy NWs synthesized by using fabricated AAOs were estimated to be $25 nm and $50 nm, which were little bit smaller that D P of the AAOs owing to a tiny gap existing between hydrophilic AAO and hydrophobic organic materials. 7, 69 However, those of the PPy NWs synthesized by using purchased AAOs were estimated to be $140 nm and $250 nm, which were much larger than specications provided by the manufacturer. This inconsistency was originated that nanopores in the purchased AAOs showed spheroid-like shape with non-uniform D P , where the D P at the middle of the nanopore would be larger than those at both ends, which would be appropriate for ltering applications. Fig. 7 exhibits the light-emitting P3MT NWs synthesized by using fabricated and purchased AAOs. As shown in Fig. 7a and b, distinct averaged diameters of $25 nm and $250 nm were clearly observed with respect to the corresponding D P of the AAOs, respectively. Fig. 7c shows the ultraviolet-visible (UV-Vis) absorption spectra the P3MT NWs dispersed in a chloroform solution. For the P3MT NWs with an averaged diameter of $250 nm, the p-p* transition peak and broad bipolaron band were observed at 390 nm and $780 nm, respectively. [7] [8] [9] 68 When the diameters of P3MT NWs were decreased from $250 nm to $25 nm, the p-p* transition peak was blue-shied toward 380 nm, and became broadened, particularly enhancing its tail in shorter wavelength region, as shown in Fig. 7d , indicating the reduction of the p-conjugation length due to the conne synthesis within relatively narrow volume of the fabricated AAOs. 8, 74 In addition, the doping-induced bipolaron band was signicantly decreased for the P3MT NWs with an averaged diameter of $25 nm, which could be utilized as active components in optoelectronic applications without further dedoping treatments 68 (e.g., electrochemical reduction-oxidation 7 or electron-beam irradiation, 8, 9, 74 etc.). These result could be attributed to the dopants-assisted electrochemical polymerization mechanism 75 and enhancement of the surface area resulted from the smaller diameters of the AAO, which could enable the dopant ions intercalated between the polymeric chains smearing out more easily by the counter ions (e.g., OH À ) exchanging effects during dedoping phenomena. , respectively. We would like to point out that the AAOs fabricated at 15 C were chosen as sensing and frame materials, which have largest D P0 among our products, and do not go through the pore-widening procedure. As shown in the insets of Fig. 8a and b, the interdigitating structure of each electrode was well identied with the line width and distance between the adjacent lines of $200 mm, respectively. Fig. 8c and d exhibit the SEM images of each humidity sensor taken at the borders of the electrodes conrming the appropriate formations of the electrodes on the desired positions, which also veried in the magnied SEM images shown in the corresponding insets. Fig. 8e and f compares capacitance variations of two AAO sensors with respect to RH by using linear-linear scale plots. Sensor-A showed quite linear responsive variations of capacitance in the intermediate RH regions (40-70% under 100 kHz and 60-90% under 1 MHz), whereas the capacitance were varied only in the high RH region ($75%) in Sensor-B, which was comparable to the previous reports at relatively high frequencies. [22] [23] [24] [25] [26] [27] The barrier oxide layer in Sensor-A might play an important role for storing the humidity inside the nanopores more effectively resulting in the linear variation of the capacitance even in the relatively low RH region without applying sophisticated add-ons, 70 for examples magnetic eld 28 or water-sensitive sol-gel materials (e.g., polyethylene glycol).
72
In Sensor-B, the interdigitated electrodes occupied some portion of the open-pore side, which would reduce an accessibility of humidity into and/or out of the nanopores. It is expected that the performances of our humidity sensors would be further improved by optimizing dimensional properties of the AAO and electrodes. 28, 70, 72 These results represent a superior applicability of our devices such that one can choose the structure of the humidity sensors with respect to the interesting region of the RH. Moreover, our strategy, excluding the procedure for removing the barrier oxide layer, also exhibits another advantage in terms of the simplicity about device fabrication.
Conclusions
In summary, we successfully demonstrated two-step SMSAs and SRBs-based detachment techniques in an oxalic acid electrolyte for a facile and eco-friendly technique to fabricate AAOs, which can be extended for mass-production with efficient usage of natural resources by repeating the unit sequence to a single Al substrate. Dimensional characteristics (D P0 and thickness) of the AAOs were controlled through the fabricating conditions, such as the electrolyte temperature and anodizing time, whereas D int maintained almost identical value, which was mainly determined by the anodic voltage and electrolyte concentration. For diverse applications of the AAOs, conducting PPy and light-emitting P3MT NWs with various diameters were electrochemically synthesized using fabricated and purchased AAOs. Capacitive humidity sensor having interdigitated electrodes on the barrier oxide layer of the AAO exhibited a linear response in the intermediate region of RH. As a next step for elevating the yield of AAO fabrication moreover, we are trying to combine our SMSAs and SRBs-detachment with HA condition, which could enrich the potential applicability of the AAOs in terms of extending controllability to D P0 and D int and their periodic arrangements.
